Westphalen K, Monma E, Islam MN, Bhattacharya J. Acid contact in the rodent pulmonary alveolus causes proinflammatory signaling by membrane pore formation. Am J Physiol Lung Cell Mol Physiol 303: L107-L116, 2012. First published May 4, 2012 doi:10.1152/ajplung.00206.2011Although gastric acid aspiration causes rapid lung inflammation and acute lung injury, the initiating mechanisms are not known. To determine alveolar epithelial responses to acid, we viewed live alveoli of the isolated lung by fluorescence microscopy, then we microinjected the alveoli with HCl at pH of 1.5. The microinjection caused an immediate but transient formation of molecule-scale pores in the apical alveolar membrane, resulting in loss of cytosolic dye. However, the membrane rapidly resealed. There was no cell damage and no further dye loss despite continuous HCl injection. Concomitantly, reactive oxygen species (ROS) increased in the adjacent perialveolar microvascular endothelium in a Ca 2ϩ -dependent manner. By contrast, ROS did not increase in wild-type mice in which we gave intraalveolar injections of polyethylene glycol (PEG)-catalase, in mice overexpressing alveolar catalase, or in mice lacking functional NADPH oxidase (Nox2). Together, our findings indicate the presence of an unusual proinflammatory mechanism in which alveolar contact with acid caused membrane pore formation. The effect, although transient, was nevertheless sufficient to induce Ca 2ϩ entry and Nox2-dependent H2O2 release from the alveolar epithelium. These responses identify alveolar H2O2 release as the signaling mechanism responsible for lung inflammation induced by acid and suggest that intra-alveolar PEG-catalase might be therapeutic in acid-induced lung injury.
Ͻ2) causes ALI, these studies have largely focused on lung responses occurring well after the injury has already taken place (10, 15, 36, 37) . Importantly, no clear understanding exists on how alveolar contact with HCl initiates a full-blown innate immune response that tends to be similar to the acute immune responses initiated by receptor-mediated mechanisms such as by bacterial endotoxin (7, 33) .
Here we addressed the immediate responses of alveoli following contact with concentrated acid, by means of live optical imaging (18) . We assessed damage to the alveolar membrane in terms of dye leakage from the alveolar epithelial cytosol. Our findings provide novel evidence that the first-contact effect of concentrated HCl is to induce membrane pores and Ca 2ϩ entry in the alveolar epithelium. We show for the first time that, although membrane repair mechanisms sealed the pores, protecting the alveolar epithelium from disruptive effects of acid, the pores initiated proinflammatory signaling in adjoining blood vessels.
METHODS
Fluorescent dyes and reagents. 2=,7=-Bis(2-carboxyethyl)-5 (and 6)-carboxyfluorescein-AM (BCECF-AM), calcein red-orange AM, fura 2-AM, fluo 4-AM, o-nitrophenyl EGTA-AM (NP-EGTA-AM), 2=,7=-dichlorodihydrofluorescein diacetate (DCF), and N-(3-triethylammoniumpropyl)-4-[4-(dibutyl-amino)stytyl]pyridinium dibromide FM1-43 were from Molecular Probes. Anti-mouse NADPH oxidase (Nox 2) antibody (Ab) was from BD Bioscience, and anti-mouse F4/80 was from eBioscience. Fluorescein isothiocyanate (FITC)-dextran of molecular mass 4 kDa (FD4) and 250 kDa (FD250), thrombin, hydrogen peroxide (H 2O2), N G -nitro-L-arginine methyl ester (L-NAME), and polyethylene glycol (PEG)-catalase were from Sigma-Aldrich. Saponin was from Calbiochem-Novabiochem. Solutions were prepared in HEPES buffer (in mM: 150 Na ϩ , 5 K ϩ , 1 Ca 2ϩ , 1 Mg 2ϩ , 20 HEPES, and 10 glucose). For vascular perfusates, 4% dextran-70 and 1% FBS were added. Inclusion of 4% dextran (70 kDa) in HEPES buffer maintains colloid osmotic pressure of 20 cmH 2O (26) . The pH was set at 7.4. For acid microinfusion, buffer was titrated with HCl to indicated pH values. To establish Ca 2ϩ -free conditions, we used Ca 2ϩ -free HEPES-buffered Ringer solution containing 5 mM EDTA.
Lung preparation. All animal procedures were approved by the Institutional Animal Use and Care Committee of St. Luke's-Roosevelt Hospital Center and Columbia University Medical Center. Using our reported methods (19, 20) , lungs were isolated from Sprague-Dawley rats (Taconic Farms) and Swiss Webster wild-type mice (Jackson Laboratory). The Nox2 Ϫ/Ϫ mice as well as their age-matched controls were purchased from Jackson Laboratory (Bar Harbor, ME). For intratracheal acid instillation, 2 ml/kg HCl were injected through an airway cannula followed by a brief inflation.
Real-time lung imaging. Lungs were positioned under either an Olympus AX 70 microscope for wide-field epifluorescence imaging, a Zeiss LSM 510 Meta Confocal microscope, or a Nikon E 600/BioRad 2100 MP system for two-photon imaging. To label the alveolar epithelium, alveoli were micropunctured to load fluorophores (20) . For intramicrovascular infusion, fluorophores were either delivered through a vascular microcatheter (19) or added to the perfusate. Image acquisition was controlled by MCID (Imaging Research), MetaFluor (Molecular Devices), Zeiss LSM, and Bio-Rad Lasersharp software. For alveolar micropuncture and microinfusion, we used our previously reported methods (3, 13) . To view the alveolar epithelium, we loaded the alveolar cytosol with the fluorescent dye BCECF (5 M) by means of a 20-min intra-alveolar microinfusion. Cytosolic fluorescence was determined as the pH-independent BCECF fluorescence excited at 440 nm (27) (Fig. 1) .
Ca 2ϩ imaging. Ca 2ϩ imaging and analysis methods have been reported (25) . Fura 2-AM (10 M) was given for 30 min by intramicrovascular infusion. Fura 2 was excited at 340 and 380 nm, and cytosolic Ca 2ϩ was determined from the computer-generated 340:380 ratio. In uncaging experiments, fluo 4 (10 m) was loaded for 40 min, and the fluorescence was excited at 495 nm.
Reactive oxygen species imaging. DCF (5 M) was added to the lung perfusate at least 30 min before the experiment and maintained during imaging to account for DCF leaking from microvascular endothelial cells (25) . Excitation was at 495 nm every 20 -60 s to prevent photoactivation of DCF (25) . PEG-catalase (100 U/ml) was given by a 20-min intra-alveolar microinfusion immediately before the experiment or added to the lung perfusion 30 min before the experiment and then maintained during the experiment.
Dextran imaging. FITC-dextran (3 mg/ml) with a molecular size of 4 (FD4) or 250 (FD250) kDa was given by alveolar micropuncture as a 5-min coinjection with acid.
Photoexcited Ca 2ϩ uncaging. We photolytically uncaged NP-EGTA in a circle of ϳ70 m diameter as reported (13) in NP-EGTA-loaded (100 M) alveoli. Uncaging occurred in 20 -30 s.
In situ immunofluorescence. For Nox2 immunostaining, we superfused isolated lungs with 4% paraformaldehyde for 30 min, gave 5 min intra-alveolar microinfusions of saponin (0.1%), and then microinfused anti-mouse Nox2 Ab (BD Bioscience) and Alexa 488 conjugated IgG (1:200, each) each followed by buffer wash. For staining of alveolar macrophages, anti-mouse F4/80 Ab was microinfused in unfixed alveoli for 30 min, followed by buffer wash.
Lung transfection. The cytosolic catalase construct was provided by Dr. J. A. Melendez (Albany Medical College) (5) and subcloned into the pBI-CMV bidirectional vector for DsRed (Clontech). We complexed plasmid (2.5 g/l) with unilamellar liposomes (20 g/l, 100 nm pore size, DOTAP; Avanti Lipids) in sterile PBS to a final concentration of 0.5 g oligonucleotide/l and instilled 50 l/animal in airways of anesthetized mice. We excised the lungs 48 h later for imaging.
EVLW and lung blood content. Mice were anesthetized in an isoflorane chamber, followed by an intraperitoneal injection of ketamine (80 -100 mg/kg) and xylazine (5-10 mg/kg). The trachea was exposed through a midline neck incision then cannulated with a PE-90 tube, and 2 ml/kg acid (pH 1.5) or buffer (pH 7.4) was instilled. Animals were maintained anesthetized and allowed to breathe spontaneously for 2 h. We then determined the blood-free EVLW content by the method of Selinger and colleagues (29) .
Statistics. All data are represented as means Ϯ SE. Statistical analysis was performed using SigmaStat (Systat Software). Comparisons between the groups were tested using ANOVA on ranks by Dunn's method. Repeated measurements were tested using the MannWhitney Rank Sum Test. Statistical significance was accepted at P Ͻ 0.05.
RESULTS

Membrane resealing after acid injury.
A 5-min intra-alveolar microinfusion of HCl at pH 1.5 (hereafter referred to as "alveolar HCl infusion") decreased alveolar fluorescence of BCECF within 5 min ( Fig. 2A ). HCl at pH Ͼ2 caused no major effect (Fig. 2B ). Twenty minutes after the alveolar HCl infusion, microinjection of BCECF reinstated alveolar fluorescence to baseline levels and remained locked in the cytosol ( Fig. 2A) for a further 20 min (data not shown). These findings indicate that, although the HCl infusion caused immediate membrane injury, resulting in loss of the intracellular dye, the membrane repaired quickly and spontaneously such that the epithelium could be reloaded with the cytosolic dye that remained locked in the cytosol.
To determine the effect of sustained acid contact with the alveolus, we imaged alveoli during a continuous 20-min microinfusion of HCl. This prolonged microinfusion decreased cytosolic BCECF fluorescence by 25% of initial within 5 min (Fig. 2, C and D) . However, subsequently, no further fluorescence decrease occurred even though we maintained the HCl infusion (Fig. 2, C and D) . The residual cytosolic fluorescence at the end of the HCl infusion was due to retained dye and not autofluorescence, since membrane permeabilization by intraalveolar injection of saponin released the residual dye and abolished cytosolic fluorescence (Fig. 2E ). These findings suggest that, although membrane injury occurred after the first contact with acid, the ensuing membrane repair was sufficiently robust that the continued presence of HCl did not induce further injury. By contrast, when we gave a 20-min alveolar HCl infusion in Ca 2ϩ -free buffer, the dye loss occurred progressively during the HCl infusion (Fig. 2, C and D) . At the end of the infusion, the dye loss was two times greater for the Ca 2ϩ -free than the Ca 2ϩ -containing buffer solution. These findings indicate that Ca 2ϩ -free conditions inhibited the repair response to acid-induced membrane injury.
Membrane pore formation. To determine the size of the membrane leak, we gave 5-min alveolar infusions of HCl together with the fluorescent dextrans, FD4 or FD250. FD4, but not FD250, increased epithelial fluorescence, indicating that FD4 entered the epithelial cytosol through HCl-induced membrane pores and was then locked in the cytosol after the membrane resealed (Fig. 2F ). FD4 in pH-neutral buffer did not enter the alveolar epithelium and could be completely washed out from the alveolar space (data not shown).
Next, we determined whether the membrane pore formation due to the alveolar HCl infusion induced alveolar edema, as detected by the alveolar appearance of FD4 that we added to the lung perfusion. In untreated alveoli, FD4 fluorescence did not increase in the alveolar lumen after a 20-min perfusion with the fluorescent tracer (Fig. 3) , indicating that FD4 was incapable of crossing from microvessels to the alveoli under noninjured conditions. Alveolar injection of the detergent saponin increased the fluorescence within 10 min (Fig. 3) , indicating that when we disrupted the alveolar membrane with a strong detergent, FD4 fluorescence increased in the alveolus resulting in alveolar edema. By contrast, a 20-min alveolar HCl infusion failed to increase alveolar fluorescence of FD4 (Fig. 3) , indicating that the membrane pore formation caused by alveolar HCl was itself not sufficient to induce alveolar edema. The saponin and HCl infusions were given by an identical protocol and reached the same numbers of alveoli; hence, the difference in the edema response was not due to differences in the alveolar surface areas affected by the infusions. These findings suggested that the lung's inflammatory response to alveolar acid resulted from secondary effects of the transient alveolar injury caused by acid contact with the epithelium.
Alveolo-capillary signaling. To determine the role of alveolar epithelial Ca 2ϩ as a possible factor in these effects, we loaded the alveolar epithelium with the Ca 2ϩ cage, NP-EGTA. In addition, in separate experiments, we loaded the alveolar epithelium or the microvascular endothelium with Ca 2ϩ -and reactive oxygen species (ROS)-sensitive dyes (18) . Next, we uncaged Ca 2ϩ in the alveolar epithelium by targeting flash photolysis to specific alveolar regions (13) .
Uncaging in the alveolar epithelium increased ROS in both the epithelium and the adjoining microvascular endothelium (Fig. 4, A and B) . Uncaging in the microvascular endothelium, not loaded with the Ca 2ϩ -cage, did not increase ROS (data not shown), ruling out the possibility that the uncaging-induced microvascular ROS increase was a nonspecific effect of dye leakage across the alveolar membrane. PEG-catalase scavenges extracellular H 2 O 2 (31) . Microvascular infusion of PEGcatalase completely inhibited the uncaging-induced microvascular ROS increase (Fig. 4B) . This finding indicates that the uncaging caused alveolar H 2 O 2 release, which diffused to the adjoining microvessels.
In microvessels loaded with the Ca 2ϩ dye fura 2, an alveolar HCl infusion caused rapid endothelial Ca 2ϩ increases (Fig. 5,  A and B) . Similar to the dye leak response, HCl at pH Ͼ2 caused markedly diminished Ca 2ϩ responses (Fig. 5C ). Alveolar HCl infusion under Ca 2ϩ -free conditions failed to induce the Ca 2ϩ and ROS responses in the capillary endothelium (Fig.  5, D and E) . Infusion of PEG-catalase in alveoli or in microvessels each blocked the microvascular Ca 2ϩ response to alveolar HCl (Fig. 5D) .
Consistent with these findings, alveolar HCl infusion caused an immediate but transient increase in microvascular ROS (Fig. 6, A and B) . To identify the ROS species, we overexpressed alveolar catalase to scavenge H 2 O 2 . Lung transfection with a DsRed-expressing catalase construct revealed extensive DsRed fluorescence in the alveolar epithelium (Fig. 6C) , confirming successful expression of the construct. Catalase overexpression in the alveolar epithelium did not affect the microvascular increase of DCF fluorescence following vascular H 2 O 2 infusion (Fig. 6D) , further affirming that the overexpression was restricted to the alveolus. In untransfected lungs, the absence of DsRed fluorescence was evident as black images (data not shown).
In catalase-overexpressing alveoli, alveolar HCl infusion did not increase microvascular DCF fluorescence (Fig. 6, C and  D) . Furthermore, this negative response to alveolar HCl was also replicated in alveoli in which we preinfused PEG-catalase (Fig. 6D) . As positive control for the PEG-catalase experiments, we showed that intravascular thrombin was capable of increasing microvascular ROS (Fig. 6D) , ruling out the possibility that the inhibition due to PEG-catalase was because of nonspecific factors. Taken together, these findings indicate that Macrophage role. Because alveolar macrophages are implicated in acid-induced ALI (15), we depleted lung macrophages in mice by intra-tracheal instillation of clodronate-containing liposomes (11) . To determine macrophage numbers by immunofluorescence of the macrophage-specific Ab F4/80 (35), we microinfused alveoli with the Ab. In untreated lungs, in each field of view we detected 7-8 macrophages/20 alveoli (Fig. 7A) . Because clodronate treatment could cause patchy macrophage depletion, in the clodronate-treated group, we selected alveolar regions that were completely devoid of F4/80 fluorescence, and hence of macrophages (Fig. 7A) . Microinjection of HCl in these macrophage-depleted alveoli induced increases of microvascular ROS (Fig. 7, A and B) , suggesting that the ROS response was not due to alveolar macrophages.
Nox2 role. In situ immunofluorescence confirmed expression of Nox2 in alveolar epithelium of wild-type mice (Fig.   7C ). Following alveolar HCl infusion, ROS and Ca 2ϩ increases in the microvascular endothelium did not occur in Nox2-deficient mice (Fig. 7D) . For positive control, we confirmed that alveolar injection of H 2 O 2 was capable of increasing DCF fluorescence in the capillary endothelium of Nox2-deficient mice (Fig. 7D) , ruling out the possibility that methodological errors accounted for the inhibitory responses.
Alveolar HCl injection did not affect BCECF fluorescence in the microvascular endothelium (data not shown). Thus, the pore-forming effect of alveolar HCl infusion was confined to the alveolus. Furthermore, the NOS inhibitor L-NAME did not affect the microvascular ROS response to alveolar acid (Fig.  7B ), indicating that NO was not responsible for the increase of DCF fluorescence. Taken together, our findings indicate that Nox2 was the H 2 O 2 source. Additionally, intratracheal HCl increased extravascular lung water in wild-type, but not in Nox2, knockout mice (Fig. 7E) , consistent with the notion that ROS mediated the lung injury. 
DISCUSSION
It is generally surmised that the ALI that follows acid aspiration results from acid-induced disruption of alveolar membranes. However, our findings indicate that direct contact of concentrated acid with alveoli itself does not lead to alveolar disruption because the alveolar epithelium rapidly self-repairs membrane pores formed as a consequence of the acid contact. The pores allowed cellular entry of FD4, but excluded entry of the much larger FD250, which has a molecular diameter of 23 nm (2), indicating that the pores were of molecular scale. The membrane resealing was robust since we could reload cytosolic dye in the postrepair phase in alveoli that had previously undergone the acid-induced pore formation and repair responses. To our knowledge, these findings are the first evidence that a major effect of the first contact of concentrated HCl with alveolar epithelium is the induction of transient pore formation and increased small solute permeability in the apical membrane.
This effect was not itself sufficient to induce alveolar edema, as we show in our studies in which tracer dextran introduced in perialveolar microvessels failed to reach the alveolus. However, the pore formation induced proinflammatory responses, as evident in the increased microvascular ROS. Hence, the pore formation initiated paracrine signaling between the alveolar epithelium and the microvascular endothelium. Catalase overexpression in the alveolar epithelium, or PEG-catalase infusion given in the alveoli or by perfusion, each blocked the increase of microvascular ROS, implicating H 2 O 2 in the paracrine effect.
Alveoli express Nox2 (1) and generate ROS by Ca 2ϩ -dependent mechanisms (12) . Accordingly, we could not elicit the microvascular ROS increase in mice lacking Nox2. Furthermore, depletion of extracellular Ca 2ϩ in alveoli inhibited the acid-induced increase of microvascular ROS, implicating Ca 2ϩ entry through the acid-induced membrane pores as the critical mechanism that induced the alveolar H 2 O 2 release, which then diffused to adjoining microvessels.
As we show in previous reports (14, 16, 25) , an increase of lung microvascular H 2 O 2 is a proinflammatory event that increases endothelial Ca 2ϩ , expression of leukocyte adhesion receptors, and leukocyte recruitment (16, 19, 25) . Here, the paracrine diffusion of H 2 O 2 from alveoli to microvessels also increased microvascular Ca 2ϩ , indicating that proinflammatory conditions were established in the microvasculature. The alveolar edema occurred with a delay of hours presumably because of the time taken to develop microvascular inflammatory responses, including leukocyte recruitment (Fig. 8) .
Our findings suggest that chemical injury to the alveolar epithelial membrane recapitulates membrane resealing mechanisms previously identified only with mechanical damage (9, 23, 24, 32) . Although damaged cell membranes are known to reseal, the reported data are due to relatively large mechanical disruptions caused by the insertion of mechanical probes of diameter 1-2 m (8, 32). We affirm that membrane resealing processes are Ca 2ϩ dependent and probably result from insertion of cytosolic vesicles at damaged sites (8) .
We report here novel evidence that the alveolar epithelium in situ generates oxidative responses to acid contact. Alveolar macrophages have been implicated as a source of ROS in acid injury (15) . However, here the ROS signaling was independent of macrophages since we replicated the findings in macrophage-depleted lungs. Our uncaging findings are the first evidence that alveolar epithelial cells are capable of Ca 2ϩ -dependent ROS generation that leads to rapid proinflammatory Ca 2ϩ increases in the microvasculature. Taking all findings together, we propose that Ca 2ϩ entry in the acid-permeabilized alveolar epithelium causes ROS production, leading to proinflammatory paracrine effects of H 2 O 2 . The extent to which signals upstream or downstream of the H 2 O 2 production play a role in the inflammatory response needs further consideration.
Some procedural issues require consideration. We directly infused acid in the alveolus, whereas entry of aspirated acid occurs at the trachea. We confirmed that HCl instilled intratracheally reaches the lung periphery (data not shown); hence, direct introduction of acid in the alveolus models acid aspiration. In fact, the similarity is indicated by the pH dependence of the permeability effect. Here, the full effect occurred at pH Ͻ1.5, a mild effect was evident at pH of 2-3, while no effect occurred at pH Ͼ4. A similar concentration-dependent effect has been reported in that acid-induced ALI occurs only at pH Ͻ2 (22) , affirming the relevance of our findings to the global acid effect in lung.
DCF fluorescence may result from light-induced photooxidation during image acquisition. Photo-activated release of a free radical from DCF may form superoxide on being oxidized by oxygen back to the parent dye (28) . We ruled out these potential artifacts since baseline fluorescence did not increase progressively, as would be the case if light-induced DCF oxidation occurs continuously. Fluorescence of DCF might unspecifically increase due to NO generation. However, the acid-induced increase in microvascular DCF fluorescence was completely inhibited in the presence of PEG-catalase and not changed in the presence of L-NAME. These findings . B: pores reseal and the epithelium releases H2O2, which diffuses to the microvascular endothelium and increases endothelial Ca . C: endothelial Ca 2ϩ increases initiate leukocyte recruitment and pulmonary edema formation.
indicate that NO does not induce the acid-induced DCF response.
In summary, we show here that the contact with concentrated acid forms membrane pores in the alveolar epithelium. Although the pores reseal, they induce a sequence of events in which Ca 2ϩ enters the cell, releases H 2 O 2 , which diffuses to the adjoining microvessels, inducing proinflammatory responses (Fig. 8) . We recognize that, in the clinical syndrome of aspiration-induced ALI, the aspirated fluid is complex, especially since it includes particulate matter (17) , and is therefore likely to induce complex alveolar effects. Although in our approach we consider the effects of acid alone, we suggest that, to the extent that aspirated fluid reaches alveoli at high acidity, our findings might be relevant to the aspiration syndrome. To this extent, therapeutic strategies for aspiration ALI might consider inhibiting the induced paracrine signaling between alveoli and blood vessels. Our findings support such a strategy in that the application of PEG-catalase effectively inhibited the paracrine effect. In conclusion, we show that the alveolar epithelial membrane provides a robust, resealing barrier against the toxicity of concentrated acid. The extent to which these resealing properties resist alveolar damage in other settings of lung injury requires further consideration.
